and substantial experimental verification (1, 7, 11, 17, 20, 21, 23, 24, 26) . Most of the mathematical modeling has been concerned with single vascular loop systems, and in all but one (19) the properties of the descending vasa recta were assumed to be the same as those of the ascending. Where differences were permitted no detailed investigation of those differences was made. Recent anatomical studies suggest that these models should be enriched (6, 16) . For example, the vasa recta are not simple loops; the descending vessels penetrate the medulla in vascular bundles, remain unbranched until they reach their respective target depths, and then give rise to a capillary plexus which invests a region containing renal tubules but distinct from the vascular bundle. The capillaries anastomose to form venous vessels which reenter the vascular bundle and ascend without receiving tributaries until they exit from the medulla.
The ascending, or venous, vasa recta appear to be more highly fenestrated than the descending vessels (IO), suggesting that the descending and ascending vasa recta might differ functionally. The fact that a capillary plexus is interposed between them also opens the possibility that their numbers may differ. One of the goals of the present work is to estimate the differences that do exist between ascending and descending vasa recta and then to provide a theoretical basis for evaluating their functional significance. The second special task imposed on the vasa recta is the removal of fluid entering the interstitial region from the various tubular structures. Evidence that vasa recta actually subserve this function is lacking, but the need to assign them this role comes from the current state of the countercurrent problem.
The reasoning is as follows: in the steady state, the sum of all fluxes into and out of an arbitrarily small region in the medullary interstitium must equal zero. Consider first how each of the tubular segments handles water: collecting ducts lose water to the interstitium by osmosis (4); descending limbs lose it by the same mechanism (8); and thin ascending limbs neither gain nor lose water (12). Hence, the resultant of all tubular water operations is net deposition of water into the medulla. Descending vasa recta also may lose water (31); at the very least they do not gain it (28). Thus, ascending vasa recta would appear to assume the entire burden of removing tubular reabsorbates and whatever fluid is lost from descending vasa recta. Yet, Diesel and Rijskenbleck (19) connect in a capillary plexus external to the bundle. Distance is measured in the corticomedullary direction with X = 0 corresponding to the corticomedullary junction, and x = L to the point at which the peritubular capillary plexus leaves the vasa recta bundle to envelop the adjacent tubules.
The ascending vessels also reenter the vascular bundle at x = L.
The following assumptions are made: I) All descending vasa recta have the same radius, volume flow rate, and solute permeability, and these parameters are constant on 0 < x < L.
2) All ascending vasa recta have the same radius, volume flow rate, and solute permeability, and these parameters are constant on 0 < x < L, but their values may differ from those of the descending vessels, as may the number of vessels.
3) Solute exchange between the capillary lumen and the interstitial fluid occurs only by diffusion, This assumption specifically excludes the possibility of transmural solvent Aow and any solvent drag effects associated with it. There are data that show no such water movement (28) and others that show some (3 I), with little reason to choose. The assumption permits considerable analytical simplicity, not the least of which is that the model remains linear and capable of explicit analytical solution. Some justification for this assumption has been given elsewhere (14) . It should also be noted that the absence of osmotic water flow does not necessarily imply that water permeabilities are low; near-zero osmotic reflection coefficients for the major solutes can reduce osmotic flow in the face of substantial transmural osmotic gradients. 4) Diffusion of solute along the longitudinal axis has been ignored in both the blood vessels and the interstitial space. This point has been discussed in detail elsewhere, and numerical justification for it has been given (14 The various parts of the system are numbered as in Fig. 1 . We denote by C,(x) the concentration of some solute, say NaCl, in region j, expressed i n mmoles/ml.
The quantity Vj is the volume flow rate (ml/set) in a single vas rectum; Pj is the permeability coefficient (cm/set) of the vas rectum for the solute; and nj is the total number of all descending . (J = 1) or ascending (j = 2) vasa recta. Consider a segment of a descending vas rectum extending from x to x + Ax. The net amount of solute entering this segment per second due to flow in the vas rectum is:
The net solute entering per second through the vascular wall is;
where al is the radius of the vas rectum and the subscript 3 refers to the interstitial space. Because of the steady state the sum of these contributions must equal zero. Therefore, using the integral mean value theorem,
where G is some number satisfying x 5 G 5 x + Ax. Dividing by Ax and letting Ax + 0, we obtain
In a similar manner, one can derive the following equation for an ascending vas rectum, taking account of the fact that flow is now from x + Ax to x:
The net rate of solute entering the interstitial segment, per unit length, is
Because of the steady state this quantity must equal zero. Solving for C& yields Number of vasa r~fa. An eyepiece filament in the microscope ocular was rotated until it was perpendicular to the corticomedullary axis. The number of ascending and descending vessels contained in the vascular bundles and crossing this filament was counted at three different levels at distances of .5, 1.0, and 1.5 mm from the tip of the papilla.
The number of blood vessels of each type was summed, and the number of ascending vessels divided by the number of descending vessels to yield the ratio required for the evaluation of /3 and p. human serum albumin, 5 g/100 ml. The pH was adjusted to 7.4, trace amounts of lzjI human serum albumin and 22NaC1 were added, and the solution was colored with Evans blue. The iodinated serum albumin had been stored over an insoluble anion exchange resin (Iobeads) to remove any residual I-. The trichloroacetic acid soluble 12jI remaining after this treatment was less than 0.5 % of the total activity. The perfusions were performed with two micromanipulators.
One held the perfusion pump delivering the perfusion fluid into a single sharpened micropipette, tip diameter 8 p, at a rate of 20 nl/min. The second manipulator held another sharpened pipette filled with Sudan black-colored castor oil. A length of vasa recta approximately 250 p long was filled with castor oil and the perfusion pipette was then inserted into the lumen at the downstream side of the oil blockade.
The perfusion was allowed to run for 1 or 2 min to insure that the flow conditions were stable and then the castor oil-filled pipette was used to collect the perfusate. No attempt at a complete collection was made; instead the collection rate was adjusted to hold the proximal oil block in a constant position and to be certain that the diameter of the perfused vessel remained constant through the period of the collection.
The length of the perfused segment and its diameter were measured with an ocular micrometer. Immediately after the perfusion collection was completed, the perfusion pipette was withdrawn from the vas rectum into the oil pool covering the surface of the papilla, a fresh collection pipette was mounted, and the perfusion solution was sampled. Aliquots of both the perfusion solution and the collected perfusate were transferred under oil to liquid scintillation vials containing 10 ml of a toluene-based fluor containing l 1 ml of a detergent solution (Biosolv-3, Beckmann Instruments). The vials were counted in a Nuclear-Chicago liquid-scintillation spectrometer.
Changes of volume flow rate due to loss or gain of fluid across the wall of the vas rectum were estimated by measurement of changes of 1251 albumin activity, under the assumption that the vascular permeability to albumin, while no doubt real, is negligible compared to the Na+ permeability,
The permeability was then calculated from standard formulas (18), the derivation of which contain two main assumptions: that the only driving force for loss of 22Na is a specific activity gradient, and that the specific activity of the interstitial compartment is zero.
sagittal cut in the corticomedullary axis parallel to the dorsal and ventral surfaces. A piece of dental floss was placed on the cut surface of the papilla and was made to extend from the tip of the papilla to the junction between cortex and outer medulla following the general curvature of the blood vessels exposed by the cut. The string was marked at the tip of the papilla and at the corticomedullary junction, straightened, and the distance between the marks was measured with an eyepiece micrometer. Results are expressed as the arithmetic mean =t the standard error of the mean, unless otherwise specified.
RESULTS
Evaluation of p. Rho is the transmural solute flux rate per unit length due to unit concentration difference in the ascending vasa recta divided by the same flux in the descending vasa recta. It may be calculated directly as the product of three ratios: the ratio of the numbers of vasa recta, the ratio of their radii, and the ratio of their permeabilities. In tubes the same diameter as the vasa recta we have studied and even larger, the speed of erythrocytes is uniform across the diameter of the tube so that plug flow rather than laminar flow appears to predominate.
Results of Gaehtgens et al. (3) justify using visual tracking techniques directly, but such methods still cannot provide an exact measure of plasma speed because of uncertainties about the magnitude and speed of a cell-free annulus at the wall of the blood vessel. It is possible to identify the limits of uncertainty arising from this source, however. In a flowing stream containing particles which are infinitesimally small in relation to the vessel's radius and where the hematocrit of the suspension approaches zero, the particles will align in the center of the stream and will move at a speed twice that of the mean fluid speed. If strict plug-flow conditions prevail, the cell-free annulus disappears, and the mean fluid speed will be the same as the speed of the plug of suspended particles. Mixed conditions can occur and will impart to the erythrocyte a speed intermediate between the mean plasma speed and twice the mean plasma speed. The relationship between erythrocyte and mean plasma speed is a function of the erythrocyte-to-blood vessel radius ratio (9, 30). We are unable to apply theoretical results to predict the exact speed relationship because it is not clear whether the relevant particle diameter is that of the erythrocyte or that of the erythrocyte plug, the exact diameter of which is not known in any event. This difficulty is common to both ascending and descending vasa recta so that it will tend to cancel out in a parameter like P where the speeds appear as a ratio. However, the radii of the two vessels differ by 35 %. If we take the worst case, which is to use the erythrocyte diameter, and apply the theoretical results of either Lew and Fung (9) or of Wang and Skalak (30), the error in the speed ratiu will be no more than 9 %.
The results of velocity measurements with this tracking technique are in First, as noted above, the volume flow rate of plasma is required.
Since the hematocrit of vasa recta blood is .20 (28), only 80 % of the calculated blood flow rate should be used. The other difficulty was discussed in detail in evaluating /3 and has to do with the uncertain correlation between erythrocyte and plasma speed. In the definition of K, the uncertainty does not cancel out and we are therefore unable to determine the value of this parameter with a precision greater than factor 2. Thus, if the erythrocyte speed equals the mean plasma speed exactly, the value of K is 14 =t 2.9; if the erythrocyte velocity is twice the mean plasma velocity, K is 28 =t 5.9; and if the erythrocyte velocity is intermediate between these extremes, K assumes an intermediate value. The standard error of the estimate was calculated as described above. These estimates of K are only for vessels that reach the end of the papilla.
The value for shorter vasa recta is less because K is proportional to the length of the vessels.
Evaluation of Y and & Nu is the rate of solute transport across the capillary wall divided by the rate of solute entry in descending vasa recta; xi is nu divided by the dimensionless rate at which fluid enters the capillary plexus. The parameter Y cannot be measured directly, but it can be computed from the other values. With 73(l) = 5, p = 4.5, P = 1.2, and K = 14, the computed value of Y is 1.1 while f is 5.5. The values for K and for interstitial concentration used in this computation are characteristic of the tip of the papilla in the hamster. The prediction of absorbate concentration is therefore applicable only to vasa recta that run the entire length of the medulla and collect tubular reabsorbates produced a t the tip. The concentration of the absorbate at any level _ of the m .edulIa depends on solute and water flows generated by tubules only in that region. Since tubular reabsorptive rates are likely to be concentration dependent, each level may have a unique absorbate concentration, and the overall value for the medulla would then be given by a mean taken over all the different lengths of vasa recta and weighted by the number of vessels of each length. It is a simple matter to determine the weighting function from measurements of the cross-sectional area of the medulla at several levels because the medulla undergoes an uncomplicated tapering+ But we have not made such a calculation because a prediction of the absorbate concentration also requires precise knowledge of the interstitial concentration as a function of distance, and this relationship is not known. However, if we assume that interstitial con- concentration has a maximum at the tip of the papilla for solutes added to capillary blood, as is Nat. Thus, the overall absorbate concentration for the medulla will be less than the value specified above for the tip of the papilla.
DISCUSSION
Earlier analyses of countercurrent exchange phenomena have emphasized the importance of the length of the countercurrent exchange system (or more correctly, its surface area), the solute permeability, and the volume flow rate. These relationships are embodied in the dimensionless parameter K. Figure 2 shows how interstitial concentration at the tip of the papilla varies with K. The concentration increases monotonicaIIy with K. This dependence of interstitial concentration on the factors comprising K is a feature of almost every analysis of counter-current exchanger function in the literature; it draws qualitative support from a body of experimental work. Of the variables that combine to form K, only the permeability may be expected to have a different value for each solute. For solutes whose permeabilities are less than that of Na+, the model predicts that the concentration at every point in each compartment will be lower than the Na+ concentration and vice versa. Figure  3 shows the dependence of interstitial concentration on Y, the rate of solute delivery or removal through the capillary plexus divided by the rate of solute delivery in the arterial blood flow entering the descending vasa recta. Positive values of Y correspond to cases where solute is added to capillary blood from the tubuIes* Examples are NaCl, urea, or end products of metabolism, such as lactate. When Y has negative values, the solute is removed from capillary blood into the tubular region, as might occur with substrates of metabolism, such as glucose or oxygen. Since this graph is that the higher the rate of solute addition through the capillary plexus, the higher the interstitial concentration, and contrariw se, when solute is removed. Although not explicitly stated in the other models this conclusion is aIso implicit in them. = (1 + p)-l while the corresponding weighting factor for ascending vessels is n~a~P&n~a~P1
The solute addition that raises interstitial concentration throughout the system occurs in the capillary plexus so that the blood returning to the vascular bundle The two models are similar in all respects except that the alternate has solute entering the vasa recta interstitium by diffusion from the side of the region, as well as through the capillary plexus. This formulation adds another dimensionless parameter, 7, the rate at which solute is added from the side of the interstitium divided by the rate at which solute is delivered in the descending vasa recta. (We found no experimental way to estimate 7.) The alternate model predicts that as 7 increases in relation to V, the curve of 73 vs. p will not be monotonic, as in Fig. 4 , but will. show a maximum for some finite value of p. The value of p at the maximum depends on the relationship between 7 and V. The physical meaning of this statement is that the effect of inequalities between ascending and descending vasa recta depends on the route taken by solute as it enters the exchanger system, If solute is added along the length of the system, interstitial solute concentration increases when descending vasa recta are more heavily weighted (p < 1); if solute enters chiefly through the capillary plexus, higher concentrations are achieved by weighting ascending vasa recta more heavily (p > 1).
Morphological arguments favor the simpler formulation shown in Fig. 1 over the one in the APPENDIX.
The vasa recta bundles contain fewer vessels as they proceed toward the tip of the papilla because different vessels have different target depths, The vasa recta bundle is apparently a series of concentric layers. The outermost contain descending vasa recta that will shortly leave the bundle, and ascending vessels that have just rejoined it; the innermost layers hold the vessels that are traveling to and from more distant points along the corticomedullary axis (6). For solute to enter the innermost vessels from the tubular region it would have to diffuse across several vasa recta lying more peripherally in the bundle. Thus, each layer of vasa recta serves to shield the vessels located more centrally within the bundle and so to reduce the probability that solute can diffuse in from outside. The vessels on the periphery of the bundle will be exposed to the tubular region to some extent. It may be reasonable to assign this unshielded distance to the capillary plexus, and consider the interval (0, L) to extend only to the level where the set of vasa recta become uncovered. This distance is about 250 p in the hamster papilla. On the other hand, the capillaries probably have the highest permeability of any of the vascular structures in the medulla, and as they enter and leave the bundle they will form an efficient local countercurrent exchanger which will isolate the bundle from the tubular region.
The 
